NW. BMP type II receptor deficiency confers resistance to growth inhibition by TGF-␤ in pulmonary artery smooth muscle cells: role of proinflammatory cytokines.
monary vascular resistance and, ultimately, death from right heart failure (39) . The molecular mechanisms underlying the pathogenesis of PAH remain poorly defined, although substantial evidence implicates dysregulated signaling by members of the transforming growth factor (TGF)-␤ superfamily (33, 44) . For example, mutations in the gene encoding the bone morphogenetic protein (BMP) type II receptor (BMPR-II), a TGF-␤ superfamily receptor, underlie most cases of heritable PAH (HPAH) (23) . Interestingly, fewer than half of Bmpr2 mutation carriers develop HPAH, suggesting that additional "hits," such as inflammation, are required for disease initiation and progression (23) .
TGF-␤ superfamily ligands bind and activate heteromeric complexes of type I and type II receptors. For example, BMPs can activate complexes comprising the type II receptor, BMPR-II, in complex with the type I receptors, ALK1, ALK2, ALK3, and ALK6. TGF-␤s bind a different type II receptor, TGF-␤ type II receptor, in complex with the type I receptor, ALK5. Upon activation, TGF superfamily receptor complexes phosphorylate the canonical second messengers, Smads, according to the particular ligand-receptor response (1, 25) . BMP ligands generally signal via Smad1, Smad5, and Smad8, whereas TGF-␤1 typically activates Smad2 and Smad3. The activated Smads translocate from the cytosol to the nucleus and form complexes with other transcription factors to bind and activate the expression of target genes (1, 25) . In addition, TGF-␤ superfamily receptors can also signal through noncanonical pathways, such as MAP kinases (49) . HPAH pulmonary artery smooth muscle cells (PASMCs) from patients with defined BMPR2 mutations have reduced levels of functional BMPR-II, resulting in reduced Smad1/5/8 activation in response to BMP4 (33, 47) . One important functional consequence of this is a reduced antiproliferative response to BMP4 (47) .
Recent studies support a major role for TGF-␤1 in the pathogenesis of PAH (33, 44, 48) . We reported that PASMCs harvested from patients with idiopathic PAH, of unknown BMPR-II status, exhibit a blunted antiproliferative response to TGF-␤1 (33) . Furthermore, TGF-␤1 is implicated in the pathogenesis of monocrotaline (MCT)-induced PAH (MCT-PAH) in rats, as three independent studies reported that small-molecule ALK5 inhibitors prevent and reverse the pulmonary vascular remodeling in MCT-PAH (27, 44, 48) . Depending on the context, TGF-␤1 may mediate pro-or anti-inflammatory responses, and its role in the development of PAH may be related to this interaction with inflammatory pathways. Human and animal models of PAH demonstrate abnormal levels of several inflammatory mediators, including IL-1 and IL-6 (4, 8, 15, 17) . IL-6 appears to play a key role, since homozygous IL-6-null mice do not develop raised pulmonary artery pressures when challenged with hypoxia (40) . Also, administration of dexamethasone to MCT-PAH rats reduces aberrant IL-6 release and prevents the development of vascular remodeling (2) . Moreover, transgenic mice overexpressing a dominant-negative Bmpr2 exhibit increased IL-6 release and pulmonary hypertension (15) .
We initially hypothesized that the loss of TGF-␤1-mediated growth repression in HPAH PASMCs would result from disrupted Smad signaling. However, activation of the canonical TGF-␤ Smad2/3 signaling pathway was unaffected in HPAH PASMCs. Instead, comprehensive gene expression profiling of the TGF-␤1 response in HPAH PASMCs with defined BMPR2 mutations and controls, coupled with gene set enrichment analysis (GSEA), identified an increased frequency of gene sets associated with inflammation in HPAH PASMCs. We confirmed enhanced NF-B activation and expression of the proinflammatory cytokines IL-6 and IL-8 in HPAH PASMCs. Neutralization of these cytokines restored the antiproliferative effects of TGF-␤1. Our findings suggest that BMPR-II dysfunction leads to enhanced basal and TGF-␤1-stimulated secretion of proinflammatory cytokines, which antagonizes the antiproliferative effects of TGF-␤1. This mechanism is likely to contribute to the abnormal accumulation of PASMCs that characterizes the vascular remodeling in PAH and provides a rationale for testing anti-interleukin therapies for the treatment of PAH.
METHODS
Isolation and culture of PASMCs. Explant-derived PASMCs were obtained from proximal segments of human pulmonary artery and from peripheral pulmonary arteries (Ͻ2 mm diameter) obtained from patients undergoing lung or heart-lung transplantation for HPAH (n ϭ 4). All HPAH isolates harbored disease-associated mutations (C347R, C347Y, N903S, and W9X) in BMPR-II. Control samples were obtained from unused donors for transplantation (n ϭ 5). The Papworth Hospital Ethical Review Committee approved the study, and subjects gave informed written consent.
Segments of lobar pulmonary artery were cut to expose the luminal surface. The endothelium was removed by gentle scraping with a scalpel blade, and the media was peeled away from the underlying adventitial layer. The medial explants were cut into ϳ4-to 9-mm 2 sections, plated into T25 flasks, and allowed to adhere for 2 h.
For peripheral explants, the lung parenchyma was dissected away from a pulmonary arteriole, following the arteriolar tree, to isolate 0.5-to 2-mm-diameter vessels. These were dissected out and cut into small fragments, which were plated in T25 flasks and left to adhere for 2 h. A section of the pulmonary arteriole was collected, fixed in formalin, and embedded in paraffin, and sections were analyzed to ensure that the vessel was of pulmonary origin. Cells were used between passages 4 and 8.
Once adhered, the explants were incubated in DMEM supplemented with 20% FBS and 1% antibiotic-antimycotic (Invitrogen) until cells had grown out and were forming confluent monolayers. PASMCs were trypsinized, and subsequent passages were propagated in DMEM supplemented with 10% heat-inactivated FBS and 1% antibiotic-antimycotic (DMEM-10% FBS) and maintained at 37°C in 95% air-5% CO2. PASMCs were used between passages 4 and 8. The smooth muscle phenotype of isolated cells was confirmed by positive immunofluorescence with antibodies (Sigma) to anti-smooth muscle ␣-actin (IA4) and anti-smooth muscle-specific myosin (hsm-v).
Mouse PASMCs were isolated from Bmpr2 ϩ/Ϫ mice and their wild-type (WT) littermate controls by explant culture, as previously described (28) . Mouse PASMCs were maintained in culture in DMEM-10% FBS and used between passages 2 and 4.
Growth studies. Human and mouse PASMCs were plated at a density of 15,000 cells per well in 24-well plates, maintained in DMEM-10% FBS for 24 h, and then serum-starved for a further 24 h. The cells were incubated in DMEM-10% FBS with or without TGF-␤1 (10 ng/ml; R & D Systems, Abingdon, UK) and then trypsinized and counted using trypan blue (Sigma) exclusion on days 0, 2, 4, and 6 (n ϭ 4 wells per treatment). TGF-␤1 was refreshed every 48 h. For studies involving transfer of conditioned media, cells were grown to confluence and made quiescent as described above. The media were exchanged every 48 h for fresh DMEM-0.1% FBS with or without TGF-␤1 (10 ng/ml). Media from control (n ϭ 3) or HPAH (n ϭ 3) PASMCs were pooled, and the conditioned media were incubated with fresh control or HPAH PASMCs seeded in 24-well plates. The number of viable cells was determined 6 days later. Each isolate was studied at least twice under each condition, and the mean values were taken from all studies conducted with any one isolate.
For neutralizing antibody studies, neutralizing antibodies (R&D Systems) to human IL-6 and human IL-8 or an IgG control were used at the indicated concentrations. PASMCs from control and HPAH patients were treated as described above in the presence and absence of TGF-␤1 (10 ng/ml) and/or neutralizing antibodies. The effects on proliferation were assessed 6 days later, as described above.
BMPR-II small interfering RNA. Human PASMCs were seeded in 24-well plates (15,000 cells per well) for growth studies, 6-well plates (60,000 cells per well) for RNA studies, and 6-cm dishes (180,000 cells per dish) for protein extraction. Cells were grown for 2 days in DMEM-10% FBS and then preincubated in OptiMEM I for 3 h. PASMCs were transfected with 10 nM small interfering RNA [siRNA; Dharmacon BMPR-II siGenome Smartpool (siBMPR-II) or Dharmacon siGLO (siGLO)] in complex with siFECTamine (ICVEC, London UK; 4 l per well for 6-well plate or 8.75 l per well for 6-cm dish). Cells were incubated with the complexes for 4 h at 37°C; then the medium was changed to DMEM-10% FBS for a further 24 h. Prior to treatment, cells were serum-restricted in DMEM-0.1% FBS for 24 h. The cells were then treated in DMEM-10% FBS with or without TGF-␤1 (10 ng/ml) for growth studies or DMEM-0.1% FBS for the RNA and protein extraction studies. To confirm siRNA knockdown, cells were transfected in parallel to the growth curve, and protein extraction and specific reduction of the relevant RNA were confirmed using real-time PCR. The efficiency of BMPR-II siRNA targeting was confirmed by real-time PCR, and expression levels were normalized to ␤-actin using the cycle threshold (⌬⌬C T) method (26) . BMPR-II protein reduction was confirmed by Western blotting.
Reporter gene assays and constructs. Control or HPAH PASMCs were plated in 12-well plates at a density of 35,000 cells per well in 10% FBS-DMEM and grown for 48 h and then incubated in OptiMEM I for 3 h. Cells were transfected with the Smad1/5-responsive reporter BMP response element (BRE)-luciferase or the Smad3/4-responsive luciferase reporter promoter construct CAGA12-luciferase. Cells were transfected with 4 g of plasmid in complex with Lipofectamine 2000 (Invitrogen) prepared according to the manufacturer's protocol. Cells were incubated for 4 h with the complexes; then the medium was changed to 10% FBS overnight. For 3 h prior to treatment, cells were serum-deprived in 0.1% FBS and then treated for 24 h in 10% FBS with or without recombinant TGF-␤1 or BMP4 (R & D Systems). Luciferase activity in the cells was assessed using a luciferase reporter assay kit (Roche).
Gene array analysis. To evaluate the differences in responses of HPAH and control PASMCs to TGF-␤1, gene array analysis was performed. Briefly, proximal PASMCs were grown to confluence.
Subsequently, cells were maintained in DMEM-0.1% FBS for 48 h before the medium was exchanged for fresh DMEM-0.1% FBS with or without TGF-␤1 (2 ng TGF-␤1/ml) for 4 h. At the end of the treatment period, total RNA was harvested (RNeasy, Qiagen) and quantified, and integrity was verified by denaturing gel electrophoresis. Equal amounts of identically treated RNA were reverse-transcribed (Invitrogen) into cDNA, which was then in vitro-transcribed into biotinylated cRNA. The target cRNA was fragmented and hybridized to the Affymetrix human U133A array, following the Affymetrix (Santa Clara, CA) protocol. Hybridization of cRNA to Affymetrix human U133A chips, signal amplification, and data collection were performed using an Affymetrix fluidics station and chip reader. Chip files were scaled to an average intensity of 100 per gene and analyzed using Affymetrix version 5.0 (MAS5) comparison analysis software. Experiments were performed twice, and genes induced more than threefold (Table 1 ) are an average of these independent studies. Briefly, transcripts were defined as upregulated by TGF-␤1 only when identified as "present" by the Affymetrix detection algorithm and "significantly increased" as determined by the Affymetrix change algorithm. Changes were defined as significant when P Ͻ 0.05. A Ն1.5-fold change between treated and untreated samples was required to identify a transcript as being altered. These criteria had to be met in both sets of experiments.
GSEA pathway analysis. In addition to the single gene analyses, we used the GSEA algorithm, which is a microarray data analysis method that uses predefined gene sets to identify significant biological changes in microarray data sets (43) . GSEA is especially useful when the gene expression changes in a given microarray data set are relatively small. To define the gene sets, an in-house implementation of GSEA was performed using the gene chip microarray data, as previously described (30, 42) . As input, GSEA requires microarray data from two conditions (e.g., unstimulated vs. TGF-␤1-stimulated HPAH PASMCs). Briefly, genes significantly (1.5-fold, P Ͻ 0.05) induced by TGF-␤1, with expression of average intensity Ͼ100 on the gene chips, were used for comparisons. Differential expression for each probe set was estimated by its expression ratio between pairs of conditions (presence or absence of TGF-␤1). Gene sets differentially modulated were identified using Wilcoxon's rank sum test, and false discovery rate was set to gene sets with Q Ͼ 0.001 induced by TGF-␤1 in HPAH PASMCs.
Real-time PCR analysis. To investigate the temporal expression of genes, PASMCs from HPAH patients (n ϭ 4) and control (n ϭ 5) PASMCs were grown to confluence and serum-starved for 18 h and then stimulated with TGF-␤1 (1 ng/ml) for 1 and 4 h. RNA was isolated using RNeasy mini-columns (Qiagen). DNase-digested total RNA (1 g) was reverse-transcribed using a high-capacity cDNA reverse transcription kit (Applied Biosystems). Real-time PCRs (25 l/reaction) were set up using 75 ng of cDNA with SYBR Green Jumpstart Taq ReadyMix (Sigma) containing the relevant sense and antisense primers at 200 nM each and 10 nM fluorescein (Invitrogen) and amplified on an iCycler (Bio-Rad Laboratories). Samples were analyzed using Qiagen Quantitect primers for IL-6, IL-8, plasminogen activator inhibitor 1 (PAI-1), ␤ 2-microglobulin, and hypoxanthine phosphoribosyltransferase or custom primers for ␤-actin [5=-GCACCACACCTTC-TACAATGA-3= (sense) and 5=-GTCATCTTCTCGCGGTTGGC-3=(antisense)] or BMPR-II [5=-CAAATCTGTGAGCCCAACAGTCAA-3= (sense) and 5=-GAGGAAGAATAATCTGGATAAGGACCAAT-3= (antisense)]. The IL-6 and IL-8 expression levels were normalized to ␤-actin, hypoxanthine phosphoribosyltransferase, and ␤ 2-microglobulin using the GeNorm normalization program (46) . Real-time PCR was performed to confirm siRNA targeting of BMPR-II, and expression levels were normalized to ␤-actin using the ⌬⌬C T method (26) .
Inhibition of NF-B activity. Confluent PASMCs from HPAH patients (n ϭ 2) and healthy controls (n ϭ 2) in six-well plates were serum-starved in DMEM-0.1% FBS for 24 h. To ascertain the role of NF-B on TGF-␤1 induction of IL-6, cells were incubated with the IB kinase inhibitor BMS-345541 (1 mol/l; Calbiochem) or the peptide inhibitor of NF-B nuclear translocation SN-50 (10 g/ml; Calbiochem) for 45 min prior to TGF-␤1 addition (2 ng/ml). Conditioned media were collected, and IL-6 levels were determined by ELISA using a commercial dual-antibody kit (R & D Systems), according to the manufacturer's instructions.
Western blot analysis. Control and mutant human PASMCs were plated in 10-cm cell culture dishes and incubated in DMEM-10% FBS until 80% confluent. After serum deprivation in DMEM-0.1% FBS for 24 h, cells were treated with DMEM-0.1% FBS with or without TGF-␤1 (10 ng/ml) or BMP4 (50 ng/ml) for 1 h. Cells were snapfrozen on an ethanol-dry ice bath. Cells were then lysed with 150 l of lysis buffer containing 125 mM Tris (pH 7.4), 2% SDS, 10% glycerol, and an EDTA-free protease inhibitor cocktail (Roche). Samples were sonicated for two periods of 5 s and stored at Ϫ20°C. For Western blotting, samples were subjected to SDS-PAGE (12%) and transferred by semidry blotting to nitrocellulose membranes and then, in later experiments, polyvinylidene difluoride membranes (BioRad). Protein was loaded at 40 -60 g/lane. Lysates were immunoblotted with COOH-terminal phosphorylated Smad1/5 rabbit monoclonal, COOH-terminal phosphorylated Smad2 rabbit polyclonal, phosphorylated NF-B p65 (Ser 536 ) rabbit polyclonal (Cell Signaling Technology), COOH-terminal phosphorylated Smad3 rabbit polyclonal (R & D Systems), or BMPR-II mouse monoclonal (BD Transduction Laboratories) antibody. All blots were reprobed with antihuman ␤-actin mouse monoclonal antibody (Sigma).
Statistical analysis. Values are means Ϯ SE. Data were analyzed with GraphPad Prism (version 3.0). Comparisons were made by Student's t-test or one-way ANOVA, with Tukey's post hoc honestly significant difference test when appropriate. P Յ 0.05 indicated statistical significance.
RESULTS

BMPR-II deficiency renders PASMCs insensitive to growth inhibition by TGF-␤1.
We previously reported that TGF-␤1 inhibits serum-induced proliferation of proximal PASMCs from healthy individuals, whereas cells from idiopathic PAH patients proliferate to TGF-␤1 (33) . Vascular remodeling and occlusion of the vasculature, synonymous with the development of HPAH, occur within the small-to medium-diameter arterioles (6, 18) . As BMPR-II deficiency predisposes patients to HPAH, we examined the potential link between BMPR-II deficiency and failed growth inhibition by TGF-␤1. Consistent with our previous findings, proliferation of control distal PASMCs was significantly repressed (Fig. 1A) by exogenous TGF-␤1 (10 ng/ml), whereas HPAH cells with defined BMPR-II mutations were refractory to the antiproliferative effects of TGF-␤1 (Fig. 1B) . To establish if reduced BMPR-II expression was directly associated with this resistance to TGF-␤1, we compared this response in WT and Bmpr2 ϩ/Ϫ PASMCs. Again, the proliferation of WT mouse PASMCs was significantly repressed (P Ͻ 0.05) by exogenous TGF-␤1 (Fig.  1C) , whereas Bmpr2 ϩ/Ϫ mouse PASMCs were insensitive to growth inhibition by TGF-␤1 (Fig. 1D) . Furthermore, siRNA targeting of BMPR-II (siB) significantly (P Ͻ 0.05) reversed the antiproliferative effects of TGF-␤1 (Fig. 1E) , which was intact in PASMCs treated with transfection reagent alone (siF) or transfected with a nontargeting siRNA (siG). Using realtime PCR, BMPR-II mRNA was reduced by Ͼ70% of endogenous gene levels, and protein loss was confirmed by Western blotting (Fig. 1F) .
BMPR-II deficiency does not alter TGF-␤1-induced Smad signaling or transcriptional responses.
TGF-␤ superfamily ligands activate the canonical Smad signaling pathways, so we examined whether reduced BMPR-II levels alter the BMPactivated Smads, Smad1 and Smad5, or the TGF-␤1-activated Smads, Smad2 and Smad3. BMP4-mediated COOH-terminal phosphorylation of Smad1/5 was reduced in HPAH PASMCs compared with controls ( Fig. 2A) . Consistent with this, the intensity of the BMP4-induced phosphorylated Smad1 band detected by the phosphorylated Smad1/3 antibody was also diminished. In contrast, similar activation of Smad2 or Smad3 was seen in response to TGF-␤1 in HPAH and control PASMCs ( Fig. 2A) . Consistent with our findings in HPAH PASMCs, BMPR-II siRNA transfection significantly reduced Smad1/5 phosphorylation by BMP4, whereas the TGF-␤1-mediated phosphorylation of Smad2 and Smad3 was not affected (Fig. 2B ). We also examined the impact of reduced BMPR-II expression using Smad-responsive luciferase re- Fig. 1 . Reduced bone morphogenetic protein (BMP) type II receptor (BMPR-II) in pulmonary artery smooth muscle cells (PASMCs) leads to loss of the growth-inhibitory effect of transforming growth factor (TGF)-␤1. Effect of TGF-␤1 (10 ng/ml) on PASMC proliferation in 0.1% or 10% FBS was examined by cell counting on days 0, 2, 4, and 6 (n ϭ 4 wells per treatment). Treatments were replenished every 48 h. A: control human PASMCs (n ϭ 3). **P Ͻ 0.01. ***P Ͻ 0.001. B: PASMCs from patients with heritable pulmonary arterial hypertension (HPAH) harboring Bmpr2 mutations (n ϭ 3). *P Ͻ 0.05. C: pooled PASMC isolates from wild-type (WT) mice (n ϭ 2 isolates). **P Ͻ 0.01. ***P Ͻ 0.001. D: pooled PASMC isolates from Bmpr2 ϩ/Ϫ mice (n ϭ 2 isolates). Values are means Ϯ SE of 3 independent experiments. *P Ͻ 0.05 vs. respective control (Student's t-test). E: TGF-␤1 (10 ng/ml) inhibited proliferation of control human PASMCs transfected with vehicle (siF) or control small interfering RNA (siRNA, siG), but not cells transfected with BMPR-II siRNA (siB). *P Ͻ 0.05. F: BMPR-II protein was reduced by BMPR-II siRNA compared with cells transfected with vehicle or control siRNA.
porter constructs. BMP4 significantly (P Ͻ 0.05) and selectively induced the BRE-luciferase response, and TGF-␤1 selectively induced CAGA 12 -luciferase activity in control human PASMCs (Fig. 2C) . Consistent with the Smad immunoblot data, HPAH cells exhibited reduced BRE-luciferase activity compared with control cells, whereas TGF-␤1-induced CAGA 12 -luciferase activity (P Ͻ 0.05) was intact in HPAH PASMCs (Fig. 2D) . In addition, the induction of PAI-1, a transcriptional target of TGF-␤1, did not differ between control and HPAH PASMCs (Fig. 2E) . We also questioned whether the temporal activation of Smad2 or Smad3 was altered in the setting of reduced BMPR-II expression. When compared directly, the rate of decay of the phosphorylated Smad2 and phosphorylated Smad3 signals did not differ between control and HPAH PASMCs (Fig. 2F) .
A secreted factor released by HPAH PASMCs antagonizes TGF-␤1-mediated growth suppression. Having demonstrated that abnormal TGF-␤ responses in HPAH cells are unlikely to be due to alterations in canonical Smad signaling, we sought to determine whether the loss of the antiproliferative effects of TGF-␤1 in HPAH PASMCs was due to a secreted mediator. To address this, we assessed the proliferative potential of media from HPAH or control PASMCs grown in the presence or absence of TGF-␤1. Conditioned media from control PASMCs exposed to TGF-␤1 significantly inhibited (P Ͻ 0.05) control PASMC proliferation compared with media con- Fig. 2 . Activation status of Smads in PASMCs. A and B: activation of the canonical Smad signaling pathways in response to BMP4 or TGF-␤1 in control (C) or HPAH (M) PASMCs with a defined Bmpr2 (W9X) mutation (A) or control PASMCs transfected with BMPR-II siRNA (siB) or a nontargeting siRNA (siG) using siFectamine (siF) (B). Serum-starved cells were treated with TGF-␤1 (10 ng/ml), BMP4 (50 ng/ml), or media alone for 1 h. Cell lysates were immunoblotted for phosphorylated Smad1/5 (pSmad1/5), Smad2 (pSmad2), and Smad3 (pSmad3). C and D: Smad-dependent transcriptional responses to BMP4 and TGF-␤1 in control PASMCs (C; n ϭ 3) and HPAH PASMCs (D; n ϭ 3) transfected with the Smad3-responsive CAGA12-luciferase (CAGA12-Luc) reporter or the Smad1/5/8-responsive BMP response element (BRE)-luciferase (BRE-Luc) reporter. *P Ͻ 0.05. E: transcriptional induction of plasminogen activator inhibitor (PAI)-1 by TGF-␤1 in control (n ϭ 3) and HPAH (n ϭ 3) PASMCs treated with TGF-␤1 (1 ng/ml) for 4 h. RNA was reverse-transcribed and analyzed for PAI-1 expression using real-time PCR. Gene expression changes were normalized to 3 housekeeping genes (␤2-microglobulin, hypoxanthine phosphoribosyltransferase, and ␤-actin). F: longevity of the TGF-␤1-driven Smad response in control (C) and HPAH (M) PASMCs. Cells were incubated with TGF-␤1 for 1 h; then the medium was removed, and DMEM-0.1% FBS containing the ALK5 inhibitor SD-208 (2 M) was added. Cells were lysed at the times indicated and immunoblotted for phosphorylated Smad2 and phosphorylated Smad3. ditioned without exogenous TGF-␤1 (Fig. 3A) . The growth of control PASMCs in media from HPAH PASMCs was identical to that in media from control PASMCs. Intriguingly, the proliferation of control PASMCs was not inhibited by media from HPAH PASMCs conditioned with TGF-␤1. Furthermore, HPAH PASMCs grown in control or HPAH PASMC-conditioned media were refractory to the antiproliferative effects of TGF-␤1 (Fig. 3A) . Thus the loss of TGF-␤1 growth-inhibitory effects appeared to be mediated by a soluble factor(s) secreted in response to TGF-␤1 in HPAH PASMCs.
It was possible that HPAH PASMCs produce a factor that may be neutralizing or inactivating the exogenous TGF-␤1. Therefore, active TGF-␤1 was assayed in conditioned media from control or HPAH PASMCs incubated with or without exogenous TGF-␤1 using mink lung cells stably expressing CAGA 12 -luciferase (kindly provided by D. B. Rifkin) (45) . Media from untreated control and HPAH PASMCs stimulated a low response, whereas similar levels of luciferase activity were stimulated by conditioned media from TGF-␤1-stimulated cells, confirming that the TGF-␤1 was still active.
TGF-␤1 induced differential gene expression in HPAH PASMCs. On the basis of these data, we surmised that TGF-␤1 was activating different transcriptional responses in control and HPAH PASMCs. In cells treated with TGF-␤1 for 4 h, the expression changes of genes induced Ͼ3-fold revealed that the majority (Ͼ70%) of transcripts were similarly regulated by TGF-␤1 in control and HPAH PASMCs (Table 1) . In contrast, when we compared the gene transcripts significantly (by Ͼ1.5-fold) changed by TGF-␤1, marked differences were revealed between control and HPAH PASMCs. For example, 513 genes were significantly altered Ͼ1.5-fold in HPAH PASMCs (P Ͻ 0.05, 372 increased and 141 decreased) compared with 339 genes in HPAH PASMCs (P Ͻ 0.05, 237 increased and 102 decreased).
To assess the differences in transcriptional responses between control and HPAH PASMCs, GSEA was performed using the gene chip microarray data, as previously described (30) . Briefly, we compared genes significantly (1.5-fold, P Ͻ 0.05) induced in HPAH and control PASMCs in response to 4 h of TGF-␤1 stimulation. Gene sets as defined on the basis of pathway or biological processes in HPAH PASMCs are shown in Table 2 . Gene sets associated with inflammatory pathways, including the interleukin signaling pathways, were overrepresented in response to TGF-␤1, whereas gene sets associated with "oxidative phosphorylation" were underrepresented.
TGF-␤1 enhances interleukin gene expression in HPAH PASMCs. As TGF-␤1-stimulated gene sets associated with the interleukin pathway were overrepresented in HPAH PASMCs compared with control PASMCs, we questioned whether the soluble factor might be an interleukin. Therefore, we first profiled the temporal induction of IL-6 and IL-8 in HPAH and control PASMCs in response to TGF-␤1. TGF-␤1 promoted a greater transcriptional induction of IL-6 at 4 h in HPAH PASMCs than control PASMCs, but this did not achieve significance (Fig. 4A) . In contrast, TGF-␤1 significantly (P Ͻ 0.05) induced a greater transcriptional induction of IL-8 in HPAH PASMCs than control PASMCs at 4 h (Fig. 4B) .
Elevated NF-B activation in HPAH PASMC nuclear extracts. Several pathways mediate transcriptional induction of interleukins, including members of the activator protein 1 (AP-1) and NF-B transcription factor families (9, 10, 22, 38). We found a constitutively higher phosphorylation of the p65/RelA NF-B signal in HPAH PASMCs than control cells (Fig. 5, A and  B) . To further define the importance of the differential activation of NF-B/p65 in HPAH PASMCs, the impact of the NF-B inhibitors SN-50 and BMS-345541 (3) on IL-6 secretion was determined (Fig. 5C ). TGF-␤1 induced a significant (P Ͻ 0.001) increase in secretion of IL-6 in PASMCs. Inhibition of NF-B significantly (P Ͻ 0.05) reduced TGF-␤1-induced IL-6 secretion in HPAH PASMCs, whereas an increase (P Ͻ 0.05) was observed in control PASMCs. The specificity of BMS-345541 was confirmed using a multimerized NF-B reporter construct stimulated with TNF-␣ (data not shown). These data suggest that the role of NF-B in control PASMCs may be to restrict IL-6 responses to TGF-␤1, 's t-test) . B: conditioned media from control and HPAH PASMCs treated as described in A were assayed for induction of CAGA12-luciferase activity, confirming that TGF-␤1 activity was comparable. ***P Ͻ 0.001. C: TGF-␤1 induced CAGA12-luciferase activity in a concentration-dependent manner in mink lung stable transfectants. ***P Ͻ 0.001. (Fig. 6A) . In contrast, neutralization of IL-6 or IL-8, but not the IgG control, significantly (P Ͻ 0.05) restored TGF-␤1 antiproliferative effects on PASMCs from HPAH patients (Fig. 6B) . These data are consistent with the notion that the loss of TGF-␤1 antiproliferative effects on HPAH PASMCs is mediated via the enhanced secretion of IL-6 and IL-8.
DISCUSSION
We have identified a link between the loss of BMPR-II, inappropriate NF-B signaling, and increased proinflammatory cytokine secretion by PASMCs in response to TGF-␤1 that overrides the normal antiproliferative effects of TGF-␤1 on PASMCs. Proinflammatory cytokines have previously been proposed as a "second hit" in the development of PAH. Therefore, we provide a mechanism by which BMPR-II mutations in HPAH cause susceptibility to an inflammatory second hit through the altered cellular response to TGF-␤1 (Fig. 7) .
We previously reported that proximal PASMCs from patients with idiopathic PAH of unknown BMPR-II status are insensitive to the antiproliferative effects of TGF-␤1 (33) . We hypothesized that resistance to the antiproliferative effects of TGF-␤1 is a general feature of HPAH PASMCs as a direct consequence of reduced BMPR-II expression. We show that HPAH PASMCs, from the disease-relevant distal arterioles, exhibited a similar level of insensitivity to TGF-␤1 treatment.
As PASMCs from HPAH patients may differ from control cells because of disease pathology, we confirmed our observations in two models of BMPR-II deficiency without overt disease, Bmpr2 ϩ/Ϫ mouse PASMCs and control human PASMCs transfected with BMPR-II siRNA. Our data confirm that the loss of TGF-␤1 repressive effects on PASMC proliferation is directly associated with reduced BMPR-II.
We hypothesized that the insensitivity of HPAH PASMCs to growth repression may be through altered canonical TGF-␤1 signaling. However, we did not observe changes in Smad2 or Smad3 phosphorylation or Smad3 transcriptional responses. A previous study of prostate cancer cells reported that Smad2 synergizes with other pathways to mediate the induction of IL-6 by TGF-␤1 (38) , but whether this mechanism is relevant to normal cells is unclear. We do not see any overt change in Smad2, but we cannot rule out a switch in Smad2 utilization as a contributing factor to the refractory response to TGF-␤1 in HPAH cells.
We established that a secreted factor from HPAH PASMCs was rendering PASMCs insensitive to the growth-inhibitory effect of TGF-␤1. It was possible that the cells may be releasing a factor that inactivated or neutralized the exogenous TGF-␤1 in the media. A study reported that expression of the BMP ligand trap Gremlin is increased in the lungs of PAH patients, so it was possible that other ligand traps could be expressed by HPAH PASMCs (5). We observed no difference in TGF-␤1 activity between conditioned media from control and HPAH PASMCs, suggesting that ligand neutralization was not the mechanism.
To identify pathways potentially linked to this phenomenon, we employed gene chip profiling and GSEA on transcripts induced by TGF-␤1 in PASMCs with defined BMPR-II mutations. TGF-␤1 induced several gene set changes common to control and HPAH PASMCs, including those associated with cell structure and motility. Interestingly, TGF-␤1 induced gene sets associated with the Rho and MAPK signaling pathways in HPAH PASMCs, but not control PASMCs. Previous studies Cells were incubated for 4 h in DMEM-0.1% FBS with or without TGF-␤1 (2 ng/ml), and extracted RNA was subjected to microarray analysis. Values (means from 2 experimental repeats) are fold changes of expression in TGF-␤1-treated cells compared with their untreated controls. EGF, epidermal growth factor. KIR probe detects multiple KIR isoforms.
implicated Rho kinase (7, 14, 24, 37) and MAPK pathways (15, 32, 47) in the development of PAH. Indeed, Rho kinase is a potential therapeutic target for PAH, and animal studies have proven favorable (24, 36) . However, our data highlighted a potential role for one or more soluble secreted factors, and the most striking relevant gene sets enhanced in HPAH PASMC were those associated with interleukins and inflammation.
We sought to confirm this overrepresentation of gene sets associated with interleukins in HPAH cells treated with TGF-␤1 by comparing the responses of cells from controls and HPAH patients. On the basis of our previous report that circulating IL-6 and IL-8 levels are significantly raised in HPAH patients and correlate with reduced survival, we chose to analyze these cytokines (41) . We confirm that HPAH PASMCs show enhanced transcription of IL-8 and IL-6 in response to TGF-␤1 compared with control PASMCs. The regulation of these cytokines is dependent on the cell context and may differ between normal and disease states. In lung fibroblasts, TGF-␤1 induces IL-6 via AP-1 (9), whereas in vascular smooth muscle cells, TGF-␤1 represses cytokinemediated IL-6 expression via a Smad3-dependent mechanism (11) . In prostate cancer cells, the induction of IL-6 by TGF-␤1 is mediated through synergistic interactions of the Smad2, p38-NF-B, JNK, and Ras pathways (38) . No functional Smad binding site has been identified in the IL-8 promoter region, implying that the TGF-␤1 responses we observed are not focused on dysregulated Smad2/3 signaling. Similar to IL-6, NF-B and AP-1 binding sites are present in the IL-8 promoter (9) . We focused primarily on a potential role for inappropriate NF-B signaling in the dysregulated interleukin responses observed in HPAH PASMCs. Consistent with this hypothesis, elevated basal NF-B phosphorylated p65 was evident in HPAH PASMCs. Furthermore, pharmacological inhibition of NF-B abrogated the heightened induction of IL-6 in HPAH PASMCs. Intriguingly, NF-B blockade in control cells led to an enhancement of the IL-6 response to TGF-␤1, suggesting that NF-B may normally be a negative regulator of TGF-␤1-mediated IL-6 signaling. Our data showing opposing effects of NF-B blockade on TGF-␤1-mediated IL-6 production by control and HPAH PASMCs suggest that NF-B signaling is misdirected as a consequence of BMPR-II insufficiency. The regulation of NF-B signaling is very complex, as components Fig. 4 . Enhanced interleukin expression in proximal HPAH PASMCs. Confluent, serum-starved HPAH (n ϭ 4) and control (n ϭ 5) PASMCs were treated for 1 and 4 h in the presence or absence of TGF-␤1 (2 ng/ml). Total RNA was isolated from each sample and reverse-transcribed, and cDNA was subjected to real-time PCR analysis for IL-6 (A) and IL-8 (B), and expression was normalized to 3 housekeeping genes (␤2-microglobulin, hypoxanthine phosphoribosyltransferase, and ␤-actin). Data are expressed as fold induction by TGF-␤1 compared with 0.1% control for each time point. Each data point represents a different PASMC isolate. *P Ͻ 0.05. Fig. 5 . NF-B/p65 activity is dysregulated in HPAH PASMCs. A: confluent serum-starved control (n ϭ 3) or HPAH (n ϭ 3) PASMCs (N903S, C347Y, and W9X mutations) were lysed and immunoblotted for phosphorylated p65 (pp65). B: when analyzed by densitometry, basal phosphorylated p65 was significantly increased in HPAH compared with control human PASMCs. *P Ͻ 0.05. C: serum-starved control and HPAH PASMCs were incubated for 1 h in the presence or absence of BMS-345541 (BMS, 1 mol/l) or SN-50 (10 g/ml) and then stimulated with TGF-␤1 (2 ng/ml). Media were collected 24 h later, and IL-6 levels were determined by ELISA in triplicate. Values are means Ϯ SE. *P Ͻ 0.05 (Student's t-test). ***P Ͻ 0.001. of this pathway can be phosphorylated on several serine residues to mediate selective responses (16) . Furthermore, other modifications, such as acetylation of NF-B subunits, also regulate their activity (16) . Indeed, in epithelial cells, TGF-␤1 can enhance NF-B activation elicited by exposure to bacteria via p300 acetyltransferase in concert with a Smad3/4-dependent mechanism (19) . Establishing the nature of the change in NF-B response would be interesting, but as shown by our present results, targeting of the enhanced cytokine production provides a more accessible target for potential therapeutic intervention.
Significant evidence in the literature supports the role of inflammation in the initiation and development of HPAH (8, 15, 17, 20, 29) . For example, HPAH patients have increased circulating levels of inflammatory cytokines, including monocyte chemoattractant protein-1, IL-1␤, IL-6, IL-8, and TNF-␣ (17, 20, 20) . We recently reported that circulating IL-6 and IL-8 levels are significantly raised in HPAH patients and correlate with reduced survival (41) . Animal studies support the pathological role of inflammatory cytokines in the initiation and development of PAH. For example, IL-6 is elevated in several animal models of experimental PAH (2, 29) and in inducible targeted SM22-tet-Bmpr2 delx4ϩ mice (15) . Additionally, recombinant IL-6 injection induces mild PAH in animals and augments hypoxia-driven PAH (13, 29) . Moreover, Rho kinase is reported to mediate the induction of IL-6 in osteoblasts, so it would be interesting to examine if Rho kinase inhibitors reduce IL-6 in animal models of PAH (21) . Consistent with a pathological role for proinflammatory cytokines, we found that neutralization of IL-6 or IL-8 restored the antiproliferative effects of TGF-␤1 on HPAH PASMCs. Anti-IL-6 antibody treatment has previously been shown to restore the antiproliferative and proapoptotic effects of TGF-␤1 in human prostate cancer cell lines (38) . Furthermore, anti-IL-6 therapies have proven clinically safe and effective for treating rheumatoid arthritis and other disorders (34, 35) . Administration of tocilizumab, a humanized anti-IL-6 monoclonal antibody, has improved the PAH symptoms in a patient with mixed connective tissue disease and severe PAH (12) . Our data suggest that anti-IL-6 therapy may be a suitable intervention in PAH to target the effects of inflammation while also restoring the normal antiproliferative response to TGF-␤1.
In summary, this study is the first to demonstrate a direct link between BMPR-II deficiency and the failure of TGF-␤1 to inhibit the growth of HPAH PASMCs. We show that the enhanced IL expression profile in HPAH PASMCs corresponds to enhanced IL-6 and IL-8 secretion, the inhibition of which restores the normal antiproliferative effects of TGF-␤1 to HPAH PASMCs. IL-8 is commonly known as a neutrophil chemoattractant and proangiogenic factor, whereas IL-6 is a . Proposed mechanism by which enhanced IL-6 and IL-8 secretion by HPAH PASMCs may inhibit the antiproliferative response to TGF-␤1. A: in control PASMCs, BMPs, signaling via a receptor complex containing BMPR-II, repress proliferation. TGF␤R, TGF-␤ receptor. B: TGF-␤1, acting through TGF receptors, also inhibits proliferation, and these effects combine to promote vessel wall homeostasis. TGF also induces IL-6 production, an effect negatively regulated by cellular NF-B signaling. Loss of BMPR-II leads to altered NF-B signaling in HPAH PASMCs. This leads to a permissive effect of dysregulated TGF-␤1 signaling through NF-B and enhanced IL-6 and IL-8 secretion. These inhibit the antiproliferative effect of TGF-␤1, leading to PASMC proliferation and increased muscularization of the vessel wall. This supports further investigation of anti-IL-6/IL-8 as potential therapy for blockade of this pathological process.
pleiotropic cytokine with various biological activities, including promotion of PASMC proliferation. Excessive production of IL-6 and IL-8 has been implicated in the pathogenesis of several human conditions, including chronic inflammatory diseases, such as rheumatoid arthritis. Antibody-based therapies are currently being tested clinically; thus IL-6 and/or IL-8 represent targets for the treatment of the inflammation and vascular remodeling underpinning the pathology of HPAH.
